Enhanced broadband near-infrared luminescence in transparent silicate glass ceramics containing Yb 3 + ions and Ni 2 + -doped Li Ga 5 O 8 nanocrystals
Multi-color persistent luminescence in transparent glass ceramics containing spinel nano-crystals with Mn 21 ions 4 (0 x 1) nano-crystals, which show multi-color persistent luminescence for more than 10 min. The color of persistent luminescence showed a remarkable change from red, to orange, greenish, and green with respect to the increase of annealing temperature. The effect has been explained due to the variation of crystal field strength surrounding the Mn 2þ ions. 3, 4 and optical fiber amplifiers. 5, 6 One of the major advantages of transparent materials compared to other inorganic materials is their high ability to transmit light through the body. On the other hand, these transparent inorganic materials show additional functions in optical properties for specific applications. [7] [8] [9] For example, single crystals used for gamma ray scintillators (Gd 2 SiO 5 : Ce 3þ and LaBr 3 : Ce 3þ ) require high light output, fast scintillation, as well as high transparency for efficient signal detection. In telecommunication system, optical fiber amplifiers (Er 3þ -doped silicate glass) show low loss (transparent in the telecommunication window) and large gain (optical amplification) for long-distance signal transmission.
The application of transparent materials will be extended to more fields if other optical functions are provided by the transparent body. A cover glass works as a protective layer, as usual, without blocking readable messages under the glass (character "A" and line "-" in Fig. 1(a) ), when it is placed under a white fluorescent lamp. If this cover glass shows ability to give out light even after the lamp is turn off (i.e., showing persistent luminescence), the messages under the cover glass are still readable in the dark, as shown in Fig. 1(b) . The transparent materials showing persistent luminescence, which are functionalized as protective layer and emergency lighting may find applications for night-vision illumination and indication, e.g., in face cover of watch, front panel of electronic device, and top layer of security sign. 10, 11 Persistent luminescence is a well known phenomenon that materials give out light (i.e., emit visible photons) for seconds, minutes, and even hours after the excitation sources are totally removed. In physics of phosphor materials, persistent luminescence is a kind of thermoluminescence at a certain temperature (usually referred to room temperature), in which electrons or holes captured by traps are released by thermal energy in a slow rate, return to active center, and emit visible photons. [12] [13] [14] [15] 20 However, almost reported materials showing persistent luminescence are polycrystalline powders in the size scale of micrometers. Commonly, these polycrystalline powders have to be made into paint or ink and brushed in specific characters or images with poor resolution, in order to deliver readable message in dark environments. 21 If persistent luminescence can be obtained in a transparent body, the transparent material can be packaged or laminated on the top of security signs or other images, as shown in Fig. 1 . The materials showing both persistent luminescence and high transparency may greatly expand the range of their applications.
In this article, we give an example of transparent materials based on a single germanate glass and transparent glass ceramics from the same glass with post-heat-treatment, which show multi-color persistent luminescence from red, to orange, greenish, and green. These materials can be potentially used as cover layer in the glow-in-the-dark applications.
Precursor glasses were prepared by a conventional meltquenching method. Raw material powder with nominal composition of 20ZnO-10Ga 2 O 3 -64GeO 2 -4K 2 CO 3 -1Al 2 O 3 -2Al-0.1MnCO 3 (in mol. %) was melted in a covered alumina crucible at 1525 C for 30 min. Then the melt was poured and quenched on a stainless-steel plate preheated to 200 C. The as-made glass was notated as AG. Some pieces of AG samples were further annealed at 650, 750, and 850 C for 2 h under N 2 flow to obtain glass ceramics (notated as GC650, GC750, and GC850, respectively). Al metal was used instead of Al 2 O 3 as raw material and N 2 flow in the annealing stage were supplied to make sure that Mn 2þ ions dominated over other Mn ions of higher valence states in the AG and GC samples. Finally, the samples were cut into 12 Â 12 Â 1.8 mm 3 sheets and double-face polished for optical measurements.
Crystal phases of the samples were identified by powder X-ray diffraction (XRD) measurement (Shimadzu, XRD6000). Transmittance spectra in the region of 200-1100 nm were obtained by using a UV-VIS-NIR spectrophotometer (Shimadzu, UV3600). Photoluminescence (PL) and persistent luminescence spectra were recorded by using a CCD detector (Ocean Optics, QE65 Pro). A Hg lamp (254 nm) was used as excitation source. Photographs of the samples were taken with a digital camera (Canon, EOS 5D Mark-II) in an all-manual mode.
XRD patterns of the AG and GC samples annealed at different temperatures are shown in Fig. 2 . Only halos characterized by amorphous structure were observed in the AG sample; whereas additional diffraction peaks appeared in the three GC samples. The diffraction peaks were all indexed to cubic spinel-type Zn 1þx Ga 2À2x Ge x O 4 (0 x 1) crystals. However, the exact composition of the precipitated crystals (the value of x) was difficult to obtain from the XRD results, since two end-member of the Zn 1þx Ga 2À2x Ge x O 4 solid solution (ZnGa 2 O 4 when x ¼ 0, and Zn 2 GeO 4 when x ¼ 1) showed very similar diffraction patterns as given at the bottom of Fig. 2 . 22 With increasing the annealing temperature, the diffraction intensity of these peaks increased and the full width at half maximum decreased, indicating growth of crystals at a higher temperature, which is similar to the XRD results in other transparent glass ceramics containing nano-sized fluorides. [23] [24] [25] [26] The sizes of Zn 1þx Ga 2À2x Ge x O 4 (0 x 1) crystals estimated by Sherrer's equation were 4.9, 8.1, and 15.5 nm for the GC650, GC750, and GC850 samples, respectively. Figure 3 shows photographs of the studied samples (from left to right: AG, GC650, GC750, and GC850), which were placed on a piece of white paper. In the presence of white light (top), the characters under the sheet samples could be clearly read, showing high transmittance in the visible region (approximately 75% at 550 nm according to their transmittance spectra). When exposed to 254 nm light (middle), the samples showed PL in different colors: red, orange, greenish, and green, from left to right. After the excitation lamp was removed (bottom), all the samples showed persistent luminescence, which could be observed by dark-adapted eyes for more than 10 min. Due to the persistent luminescence, the characters under the samples could be well identified. On the other hand, the logo image left to the samples was totally dark. Notice that the color of persistent luminescence was similar to that of PL in each sample.
In order to investigate the variation of emission color, PL spectra of the samples were measured by using a CCD detector, as shown in Fig. 4(a) . Under 254 nm excitation, the AG sample showed a single broad emission band with a maximum at about 630 nm. In the GC samples, double emission bands peaked at about 520 nm and 650 nm were recorded. The relative intensity of 520 nm band increased while that of 650 nm band decreased in the GC sample annealed at a higher temperature.
All of the three emission bands in the PL spectra were attributed to 4 The samples from left to right in each picture are AG, GC650, GC750, and GC850. Exposure time was 1/500, 1/125, and 2 s for the top, middle, and bottom picture, respectively. Other parameters were manually kept constant: ISO value À1000, aperture value À2.8, and white balance-sunlight.
Mn 2þ ions. However, the emission energy is sensitively affected by the crystal field strength (CFS) surrounding the Mn 2þ ions according to the Tanabe-Sugano diagram given in Fig. 4(c) . 27 The broad 630 nm (red) emission band in the AG sample is due to Mn 2þ ions existing in glass phase with octahedral coordination (coordination number, CN ¼ 6), which have been reported in some Mn 2þ -activated glasses. 28 However, the 520 nm (green) band appearing in the GC samples is due to Mn 2þ ions incorporated into tetrahedral sites (Zn IV sites, CN ¼ 4) in the precipitated Zn 1þx Ga 2À2x Ge x O 4 (0 x 1) nano-crystals. 29, 30 According to the ligand theory, the CFS of Mn 2þ ions in tetrahedral coordination is weaker than that in octahedral coordination. The reduction of CFS resulted in blue-shift of Mn 2þ : 31 On the other hand, the 650 nm (dark-red) emission band in GC samples is due to Mn 2þ ions remaining in glass phase (CN ¼ 6). The red-shift of the
A 1 ( 6 S) transition revealed that the CFS of Mn 2þ ions increased after annealing. This effect could be originated from variation of composition (decease of Zn and Ga concentration) in the glass phase during the annealing process. 32 Meanwhile, rise of the 520 nm band and quench of the 650 nm band in the PL spectra shows gradual migration of Mn 2þ ions from glass phase to crystalline phase annealed at a higher temperature.
The persistent luminescence spectrum in Fig. 4(b) 4 (0 x 1) nano-crystals, the similar anti-site defects formed in the melt-quenching process and annealing process could be origin of the trap centers. However, further investigation is required in order to get a more clear explanation.
To sum up, we developed a Mn 2þ -activated glass and transparent glass ceramics containing Zn 1þx Ga 2À2x Ge x O 4 (0 x 1) nano-particles. The AG and GC samples showed multi-color photoluminescence and persistent luminescence from red to orange, greenish, and green. The change of emission color is attributed to the variation of crystal field strength surrounding the Mn 2þ ions during the annealing process. These materials showing both high transparency and persistent luminescence can be used as cover layer for glow-in-the-dark applications.
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